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The transient pumping characteristics of supersonic gjector systems are investigated
both theoretically and experimentally. The theoretical analysis of this transient problem
is based on quasi-steady flow concepls. The steady-stale ejector analysis, upon which the
present study must be based, considers the basic interaction between the primary and
secondary streams as well as the viscous mixing effects which are the predominant flow
mechanism at small secondary flow rates.

The results of applying this steady-state

analysis io the present problem are presented and shown to be in excellent agreemeyt

Introduction

HIGH—ALTI‘I‘UDE simulation for rocket-engine testing
is often accomplished by employing the ejector action of the
rocket-engine exhaust stream, Fig. 1, to lower the pressure in the
secondary chamber and, hence, at the engine exit plane. In
order to obtain meaningful steady-state test results in this man-
ner, the characteristic time associated with the attainment of the
final simulated conditions must be much less than the duration of
the overall rocket-engine test. The present analysis is restricted
to the aspects of the ejector action which eventually produces the
final simulated high-altitude conditions.

For a given ejector configuration the minimum simulated pres-
sure occurs when the secondary flow rate is zero as a consequence
of the primary stream expanding and subsequently attaching to
the diffuser wall. This minimum simulated pressure, which is
equal to the pressure of the fluid in the wake thus formed, is
generally termed as the internal base pressure. It has been well
established [2-5]* that the internal base pressure problem is
characterized by the viscous mixing between t'iiéfgrjjma;y stream
and the fluid entrained in the wake and the recompression which
occurs near the reattachment point. Since this flow condition is

1 This paper is based on the PhD_thesis, reference [1], by A. L.
Addy.

2 Numbers in brackets designate References at end of paper.
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with experimentally observed ejector starting characteristics.
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Fig. 1 Typical altitude-simulation system for rocket-engine testing

maintained by the viscous mixing effects, it is expected that this
mixing would also play a dominant role in its establishment.

Ihrig and Korst [6] have shown in a recent investigation of the
adjustment of separated flow regions subject to transient external
flow conditions that the characteristic times associated with ad-
justment of transport quantities are much larger than the
characteristic time required for adjustments resulting from pres-
sure waves. Such conclusions encouraged the study of the present
problem on a quasi-steady basis; namely, that the pumping char-
acteristics at any instant can be described by the corresponding
steady-state ejector performance.

A survey of previous analyses [7-11] of steady-state ejector
gystems indicated that these treatments (e.g., by Fabri, et al.
[9-11]) cannot be adopted for the present study since the viscous
effects were completely ignored. A more comprehensive analysis,
including the viscous effects, of steady-state supersonic ejector
systems was developed by the authors.

In this paper, the prediction of the starting characteristics em-

Nomenclature
A = area .- u = velocity component in the z- a = tan—! [1/(M? — 1)'/?], Mach
o= (4 2 1\~ direction angle
T U + E — 1 M? ’ V = velocity or secondary volume § = streamline angle
Crocco number ;ng b of p = density
D = diameter T vy = velocity component of sec- P S
k, k = ¢,/c,, ratio of specific heats ondary fluid in y-direction 7= Slﬁ?r;zmﬁ?izigei;ai:r y}/l;_
L = length of cylindrical tube at large negative value of 5 geneous ,
M = Mach number W = mass rate of flow ¢ = u/u,, dimensionless velocity
k+1 E—1 1/ z,y = coordinates in intrinsic coor- A =" T,/T,,, stagnation tempera-
M* = (T M2/1 + — M’) dinate system ture ratio
X, Y = coordinates in reference coor-  _g 8% .
P = absolute pressure R dinate system ——— = dimensionless  displacement
P, = ambient pressure, see Fig. 2 Z = abscissa of coordinate system i tl'lickness for jet-mixing re-
R = radius, or gas constant ) y .. . . gion
T = absolute temperature n=0 z’ dimensionless coordinate {(t) = instantaneous secondary-to-
t = time, or thickness of primary N.. = dimensionless shift of intrinsic primary_ stagnation pres-
nozzle base - coordinate system z, y with sure ratio, Po,(t)/Pu,
! = dimensionless time (see text respect to reference coordi- r = dimensionless time, /I

for definition)

natesystem X, ¥

(Continued on nezl page)

-2

Discussion on this paper will be accepted at ASME Headquarters until June 22, 1964



ploying the recently established steady-state analysis is pre-
sented. In addition, the starting and steady-state ejector charac-
teristics are compared with experimental results.

Transient Analysis

For the ejector geometry shown in Fig. 1, the objective of this
analysis is to establish the secondary stagnation pressure (Ps,) as
a function of time after the primary flow is established and main-
tained at a constant value. The analysis is restricted to those
cages where the ambient-to-primary stagnation pressure ratio
(P./Py,) ig less than or equal to the value (P,/Po,), which is just
required to reduce the steady-state secondary stagnation pressure
ratio (Po,/Po,) to the internal base pressure ratio for the given
geometry.? In addition, the primary and secondary fluids are
assumed to have the same composition and to obey the equation
of state, P = pRT.

If the fluid in the secondary volume is assumed to be of uniform
density po,(¢) at each instant, the continuity equation in non-
steady form is

o -
- ” po()dV = —W.(1) M

where W (¢} is the instantaneous secondary flow rate. Assuming
that the secondary fluid expands isentropically so as to occupy the
volume completely, equation (1) can be written as

1-%
&
W) = -V, [Pm(l):] dPy(8)

di

2
kRTos0 L Poso 2)
where the subscript 0 denotes the initial value of the secondary
variables.
The primary-flow rate can be used to obtain a convenient non-
dimensional form of equation (2). Itis

W(t) Zo;.n /2 _ l—;—k 3
2 [To_,,] = =k (d¢/d/a)) (3)

where, for convenience, the constant ¢ and the dependent variable
{(1) are defined as

S =
- li [k er 1] [Tp*(w:};ﬁ,.s)‘/f] [I;T] @
and
$(t) = Po(1)/ P, (5)

? The ambient- to—prlmarv pressure ratio (Pa/Pop)s. defined in [12,
137 as the “'starting’’ pressure ratio, can he estimated reasonably well
for certain geometries [2]. An empirical relationship for caleulating
this starting pressure ratio has also been developed in [12, 13].
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Fig. 2 Flow model for ejector systems

Based on the quasi-steady flow concept, the mass-flow ratio
from equation (3) can be expressed functionally as

Wv TOJ ]l/z

—* = F( (6)
W » [ Top g-)
The functional relationship between the mass-flow ratio and the
instantaneous stagnation pressure ratio must be determined from

the steady-state ejector characteristics. On this basis, a form of
equation (3) which is more amendable to numerical caleulation is

1—4
Y L L S
(t - tO)/G = _Lu [117—. (M)‘/z] (7)

W, \ To

where {, and {; are reference initial conditions.

The functional relationship given by equation (6) will now be
established from the steady-state analysis of the ejector pumping
characteristics. After this relationship has been established, the
secondary stagnation pressure ratio, { = Py,/Po, can then be
easily determined as a function of time from equation (7) for given
values of the initial conditions.

Steady-State Analysis*

The ejector configuration to be studied, along with the asso-
ciated notation, is shown in Fig. 2. For simplicity, the essential

4+ A more detailed analysis of the steady-state ejector operating
characteristics is presented in [1] and a paper submitted by the
authors to the ATA A Journal entitled, “On the Interaction Between
the Primary and the Secondary Streams of Supersonic Ejector Sys-
tems and Their Performance Characteristics,”’ submitted May, 1963,
and revised November, 1963, Accepted for publication, February,
1964.

Nomenclature
Subscripts j = jet-boundary streamline quiescent wake
0 = stagnation condition or initial | = limiting initial secondary-flow IT = two-stream jet mixing
condition . Mach number
1 = sectionl m = states of fluids when secondary ~ Functions and Integrals
B . ~ o . . 1/q . 17y
i = section 2 ‘ ) _ .ﬂf)“ has a.mlfumum flow are;a AM) = (’fgc‘) / M (1 + k-1 M2> /:
4 = state downstream of oblique M = mixing region; e.g, Iy = R 2
shock, see Fig. 7 length along mixing region 1 g
a refers to primary stream within p = primary stream A/A* = M [m
two-stream mixing region, to s = secondary stream or value of E+1
free-stream adjacent to mix- pressure ratio required to E—1 12k — 1)
ing region, or ambient con- just attain base pressure for X ( 2 2)]
ditions into which diffuser a given geometry T
duct is exhausting w = shroud wall Iin) = L (—Ob, C.% ¢ 77), see defini-
b = secondary stream within two- n,7,¢ = points in inviscid flow fields, ,T"“,
stream mixing region see Fig. 5 tion in text
d = diseriminating s't‘reamline frar My = large positive and negative I = I (_7:9_5, C.2 on TI): see defini-
e = exitsection of ejector system values of 7, see text T
¢ = inviscid flow = jet mixing of one stream with a tion in text
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Fig. 3 Two-siream, Inviscid, interacting low model

geometric characteristies of this system are an axisymmetric
primary nozzle which produces uniform supersonic flow at the
nozzle exit,® a eylindrical constant-area shroud, and a secondary-
stream entrance section which establishes at Section 1 the
minimum geometrical flow area.

Steady-state ejector operation, depending upon the relative
level of the ambient to primary pressure ratio (P,/Po,;), can be
divided into two flow regimes. These flow regimes are determined
according to whether the upstream flow conditions are inde-
pendent of the pressure ratio (P,/P,,) or dependent on it. These
flow regimes will now be analyzed.

Upstream Flow Conditions Independent of
Ambient-to-Primary Pressure Ratio

For certain values of the primary and secondary stagnation
pressures, the secondary stream will attain sonic flow conditions at
Section 1.5 The secondary flow will remain choked at Section 1
until the value of Py,/Pg, is reduced so that the secondary flow
attains sonie conditions somewhere downstream of Section 1 as a
result of the mutual interaction between the primary and sec-
ondary streams.” Further reduction of the stagnation pressure
ratio, /’,,/P,, will cause the primary jet boundary to be first
tangent and then to impinge on the shroud wall until the mini-
mum pressure ratio (the internal base pressure ratio) is reached.
In the vicinity of small secondary flow rates, it has been recog-
nized that the viscous effects are the dominating flow mechanism
[2-5].

"Saturated Supersonic” Flow Regime. Since the secondary flow is
clhioked at Section 1, the mass-flow characteristics for this regime
are readily established [14] as

W, [ To \/* A, Po,
[W <T°) ] - ;1[*'179' (8)
» op Mygml » op o

"Sypersonic” Flow Regime. For this flow regime, the choking
peint is now located in the downstream region, e.g., at the point
m, Fig. 2. If the mixing along the boundary of the primary and
secondary streams up to m is considered to be a secondary effect
in the sense of boundary-layer concepts, the flow field between
Section 1 and the choking location can be determined from the
mutual interaction between the “corresponding inviscid secondary
and primary streams.”” After the flow field has been determined
from the inviscid interaction, the effects of mixing can then be
accounted for by superimposing the mixing region on the inviscid
solution.

Inviscid Two-Stream Inferaction. The inviscid-flow model consists
of the uniform secondary stream interacting with the expanding
primary stream, Fig. 3. The secondary stream is considered to be
one-dimensional in nature while the primary stream is treated by
the method of characteristics. The requirements of this flow
model are that the streams coexist in the available flow area, that

5 The nozzle is assumed always to flow full.

¢ Termed by Fubri, et al., as the “saturated supersonic’” flow regime
[9, 10, 11].

” Termed by Fabri, et al,, as the “*supersonic’ flow regime [9, 10, 11].
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as the “limiting”’ inviscid initial Mach number My,,;.

the pressure acrbss the boundary of the streams must be con-
tinuous, and that the secondary flow area must be minimum at the
location where M, = 1, e.g., atm

A,
[dZ :L =0 when M,, =1 9)

For a chosen pair of values of My, and P\,/Po{ <P:,/Pop)? the
primary fluid will undergo a Prandtl-Meyer expansion at the
corner, and the primary flow field may be calculated by repeated
“field point’’ caleulations. For the calculation of the boundary
points, which requires consideration of the secondary flow field,
one agsumes that the boundary point n and the field point ¢, Fig. 3,
have been established by previous calculations. Then for the
unknown boundary point n’, Z,, and R,,, may be found from
the relations

(R, — R,) = (2, — Z,) tan 0,/ 10y’

and

(R, — R,) =(Z, — Z,)) tan (§ + a),n’ (11)

The condition of coexistence in the available area yields the re-
lationship for M,’:

A R2— R, A
i M,") = (R = D 4 (My,)

(R? — Rip?) A* (12)

where A/A*(M) is the one-dimensional area function [14]. The
requirement of continuity of pressure across the boundary gives,
for the point n’, the relationship between Mach numbers M,,’
and M,’

P P P

M) = — MY (Pu/Pa) [ - (M 13

Poy (M,,.") Po.(M“ ) I:( 1/ Op)/Po‘(Ml )] (13)

where

— ~k/(k—1)
k 1 Mz] /(
2

From the characteristic relation,

P
P‘O(M)=|:1+

(Mpo* = M)
- (M* tan a),,
1 tan § tan @
[E (tan @ + tan )

(an' - oq)
] Ry —R)=0 (14)

the streamline angle of the primary fluid, 8,+, can be found.

The flow-field calculations are continued until a minimum
secondary-flow area is established; the criterion for such a
minimum area i8

aR, _ RUZ) dRAZ)

—- = 15
iZ _ R.2Z) dz (15a)
which for the present case becomes
dR, . dR (Z)
S _ T = 15b
1z 0 since 37 0 (15b)

In general, the secondary-low Mach number at this minimum
area will be less than one if the initially selected value of M, is
small; hence by gradually increasing the value of M, for the
same P,,/P,,, one will eventually obtain sonic flow conditions at
the minimum secondary-flow area. This value of M,, is defined
For the
values of M, and Py,/Py,, the “limiting” inviscid mass-flow
ratio is given by

8 Mis and P1./ Py, were chosen as independent variables to facilitate
the calculations.

¢ The double subscript notation implies that the average values of
the variables are to be used.

“.,
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Fig.4 Flow model for constant-pressurs jet mixing befween two streams

[(gof)l/’ ‘V,] _ Ay, . [P,/ Po,] _f(Mm.i) (16)
Tep W, i A [Pu/Py]  f(My)

where f(M) is the mass flow function

- kg. E—1 . Ve
o [ (5

In addition to the inviscid mass-flow ratio, detailed information
concerning the flow field is obtained, e.g., the pressure distribu-
tion along the shroud and the local flow properties along the non-
constant pressure boundary between the streams.

It should be pointed out that the calculations follow typical
step-by-step iterative proecedures which can only be performed by
a high-speed digital computer. The calculations for the present
study were carried out on Illiac.10

Two-Stream Viscous Mixing. For the present problem, the mixing
actually takes place along a non-constant pressure boundary.
However, the assumption is made here that the viscous eftects,
between the two compressible streams, may be evaluated on the
basis of quasi-constant-pressure turbulent jet mixing. This
method approximates the actual velocity profile, at a given sec-
tion, by the velocity profile which would result if the two streams,
based on local flow conditions at this section, were mixed at con-
stant pressure [15].1

1t has been established for fully developed turbulent jet-mixing
regions that the veloeity profiles are similar for the homogeneous
coordinate 7 = ¢y/z where o is a similarity parameter {16, 19].
The velocity profile for the two-stream fully developed turbulent
jet-mixing region is given by [17]
l1+e¢ 1

24 —-‘7‘@ erf(n)] (17)

dm=3=[
uﬂ

where ¢, = u,/u,.

This profile is assumed to hold for a coordinate system z, y that
i essentially displaced from the physical coordinate system X, Y,
Fig. 4, by an amount y,,, i.e.,

z =X

andy =~ ¥ + y,(z) with y,,(0) = 0. The value of y,, must then
be determined by the application of the continuity and momen-
tum-integral relations to the control volume in Fig. 4. As a result
of this analysis, y,, expressed in dimensionless form as n,, is given
by

Mm = NRa = [Io(ngrs) — @ i(nga)] (18)

1
(L — @)

10 Electronic digital computer, University of Illinois.

11 This analysis is an extension of the previous study of mixing
between o single stream and a quiescent wake which has been widely
adopted for separated-flow studies [16].
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regions

where (), I(n) are the short notation for the integrals

) _ (I = Ca¥)onm
(Tw/Toa — Cl0%)

" -
+ j:, (A = Capn ™ (%)

To
I (”7:;) Caz) P M

Rb

I, (@ Co e n) _ (1= Cee
To 27 7% {Tas/Toa — C2%0,2)

T (1~ €D
* »f:mb (A - CaQ‘Pz) dﬂ (lgb)

A(7), the stagnation-temperature profile, is given by the Crocco
integral relationship for fluids of unity turbulent Prandtl number
as

L 1 T _Tw
A(n) h TOu B (1 - ‘Pb) [(Toa ‘Pb) + (1 Toa) sO:I (20)

Tre and 7g, are, respectively, positive and negative values of %
such that

(1 — @iz ) < &, 1 — A(nza)| <&

and

< €&

T
=2 — A(nm)

(e(nm) — @) < &, Tow

where €, €, €, and ¢ are arbitrarily small positive quantities.
It can be shown that the “jet boundary streamline,”’ 7, which
separates the two streams, will satisfy the relationship

Li(n;) = [L{nga) — To(nra)]/(1 — @4) (21)
A displacement thickness, 8*, due to the mixing between the

streams can be defined, for convenience, as (Fig. 4)

= =gy
Uy
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Fig. 6 Similarity parameter 11, for the two-siream mixing reglion

This displacement thickness can be evaluated in dimensionless

form by
T
% O 2t
—Una* _ (Toa C,, 1.5’5)

T e -cn e

(22)

where o1 i8 the two-stream similarity parameter. For the present
analysis where A == 1 (isoenergetic mixing), the dimensionless
displacement thickness has been evaluated and presented in Fig.
5 for various values of the parameter C,2. The numerical results
of a rational consideration [17] of o1, are plotted in Fig. 6.

This mixing region is superimposed on the already calculated
inviscid-flow field, and the effect of the mixing will result in an
increase in the secondary-flow rate which is given in dimension-
less form by

AW, 2 A R zyr Po, [ lfna*J
o 2 A My M Tyt — 23
[ Isz ]M on A* (M) Ry, Ry Pop Tar (23)

where AW,/W , is to be evaluated using the stream properties at
the section where the secondary flow is choked.

The limiting initial secondary-flow Mach number My,; (with
the viscous effects included) can now be found through the rela-
tion

_ Ay P/Py(My,) W, AW,
M) = Pr/Poy f(M"’>[<W,>.~+(W’p >:| (24)

The foregoing analysis can be used to determine the ejector-
flow characteristics within the supersonic regime as long as the
primary jet boundary does not impinge on the shroud wall (de-
fined here as Region II) and the two-stream, inviscid-flow field is
not significantly modified by the mixing.

At low values of P,,/Py,, which correspond to low secondary-
flow rates, the secondary fluid entering at Section 1 will be com-
pletely entrained while it is interacting and mixing with the
primary stream so that the primary jet boundary will impinge on
the shroud wall, Fig. 7. Near the impingement point, an
oblique shock wave exists which creates a region of high static
pressure immediately downstream of the impingement point.
For the recompression, the strength of this shock is determined
from the plane two-dimensional oblique shock relation

P, P
P, P,

(M., 8,,) (25)

Pa

where M,, and 8, are the Mach number and the streamline
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Fig. 7 Flow model within Region | (small sscondary-flow rates)

angle of the primary stream in the vicinity of the impingement
point, Fig. 7. The values of M,, and 6, are obtained from the
inviscid interacting-flow field calculations for small selected
values of P;,/Py, and My,.

A “discriminating’’ streamline d, Fig. 7, can be defined within
the single-stream jet-mixing region (¢, = 0) as the streamline
which has just sufficient mechanical energy to penetrate into the
region of high static pressure downstream of the impingement
point through a complete isentropic (although irreversible
diabatic) recompression.'? Hence, it divides the entrained fluid
which has sufficient mechanical energy to “‘escape’’ from the wake
and the fluid which remains in the wake. The ‘discriminating
streamline’’ can be determined from the relationship

k
k= 1Md”]_(le)
k+ 1

P'=’i"=[1 (26)

The secondary flow which ‘“escapes’ into this high-pressure re-
gion is then given by

vi
W, = 21rR2f pudy 27)
v

d

where j is the “jet-boundary streamline’’ and d is the “dis-
criminating streamline’”’ within the mixing region with ¢, = 0,
Fig. 7. Equation (27) can be reduced to the dimensionless form
(¢, = 0)

2 Rz Ty A/A‘(Mlp)

uf
. 28
I:Wp],, o1 Rip Ri, AJA*(M,,) (28)

[11(77,') — Li{ny)]

where g, is the single-stream mixing parameter.

Since small values of My, and P,,/P,, were selected in order to
determine the inviscid interacting flow field, continuity of the
secondary fluid requires that the solution value of M,,, namely,
M.,:, must satisfy the relationship

[W.} _ Au__(Pu/Py)_ f(Muw)
W, du ~ i P/Pu(Miy) [(Ms,)

(29)

The value of My,; must then be found by a trial-and-error proce-
dure for each selected value of P,,/Py, until equation (29) is
satisfied.

The mass-flow characteristics for this flow regime (termed here

2 This concept is termed as the “‘escape criterion” {2, 31.
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Region 1) are established by calculating My,; for various values of
P\,/Py, which will join smoothly with Region I1.?* For the limit-
ing case, the internal base pressure solution will be obtained,
Mi,: = 0, for which the primary stream boundary is a constant-
pressure boundary and the j and d-streamlines coincide. Thus,
the ejector steady-flow characteristics can be established by the
foregoing calculation method, in the functional form

M = Miy(Py/Poy) (30)
and

W, _ W p., 1

W, W,,( 0/ Pop) (31)

for the flow regime where the upstream flow conditions are inde-
pendent of P,/Py,.

Flow Conditions Dependent on Ambient-to-Primary
Pressure Ratio

As was pointed out by Fabri [11], the secondary flow, in this
regime, remains subsonic throughout the shroud and tl e primary
stream is recompressed by a complicated series of shock waves.!
If the shroud is sufficiently long, the primary and secondary flow
can be assumed to be subsonic and uniformly mixed at some
downstream location. The ejector characteristics can then be
established by a one-dimensional method of analysis similar to
that used by Fabri [11] which includes the losses as a result of
friction along the shroud wall. However, for the purposes of a
unified treatment and ease of calculation, M, and P,,/P,,, are
chosen as the independent variables. On this basis, the ejector-
flow characteristics can be found in the form

Mh = MIJ(PIJ/POP; Pa/POp) (32)
and
Wv. _ ‘V, }iﬁi Pn
w, W, (Pu,,’ Po,,> (33)

A particularly useful representation of the overall operating

13 M. Sirieix, in a recent publication [187, obtained a solution for
this low regime (Region I) by assuming M. = 0 and then employing
constant-pressure jet boundaries in his calculations. However, a
modification of the theory, which considered the mixing-region thick=
ness near the reattachment point, wus necessary to obtain agreement
with experimental results.

14 Termed by Fabri as the ‘‘mixed’” flow regime.

Fig. 9 Typical mass-Aow characteristics for an ejector system (W./W,
versus Po/Pop and Po/Poy)
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Fig. 10 Experimental ejector configuration

characteristics of an ejector system can be obtained by represent-
ing equations (30) and (32) as an ejector “‘solution surface,”
Fig. 8. It should be noted that the ‘break-off curve’ defines the
transition from the flow regime which is independent of ambient
pressure ratio to the regime which is dependent on this ratio.
This curve is established when M,,; obtained from equation (30)
also satisfies equation (32) for a particular pair of values of Py, /Py,
and P,/Py,. The (P,/P,), value is determined on this curve
when Py, /P, i8 the corresponding base-pressure ratio.

The steady-state, mass-flow characteristics can also be pre-
sented as a three-dimensional “solution surface,”” Fig. 9; also
shown in this figure is a tvpical “locus of quasi-steady’” operating
conditions for the ejector starting analysis (where W,/W, is now
considered as a function of { = Py,(t)/Payp).

7 Calculation of the Starting Characteristics

WJ/W, = W,/W,{), established from equation (31), may
now be used to evaluate numerically the integral in equation (7).
The initial condition is that at £ = 0, the flow ratio is given by

Transactions of the ASME
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This initial condition is justified as a result of the very rapid
establishment of the flow fields. It is expedient to define a
characteristic time for the starting process as

P... .
= [V. ( P" ) / Ay, (kg RT00.0)Ii(n;, ¢, = 0, Cz,m.,z)] (34)
Op

where C,,, s the reference Crocco number of the primary stream
which corresponds to the base-pressure solution, Mi; = 0.
Equation (7) is now of the form

(r = 710) = (/7 — t/1) = E(£, $0) (7a)

Theoretical and Experimental Results

The experimental investigation was carried out with a small-
scale cold-flow ejector model, Fig. 10. The primary flow was sup-
plied by a compressor with a capacity of 0.8 Ib per sec at a pres-
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Fig. 12(b) Steady-state, mass-Alow characteristics at low ambient pres-
sure ratios (W,/W,, versus Py./P),)

sure level of 100 psia. The secondary flow was supplied either
from atmosphere or pressurized tanks,

For the starting study, the primary flow was established by a
quick-opening valve in less than 7 millisec. The secondary cham-
ber was a sealed but yet variable volume. All pertinent pressure
measurements were made using unbounded-strain gage trans-
ducers and were recorded with an oscillograph. The experi-
mentally determined variation of the secondary stagnation pres-
sure with respect to time, for a constant initial value of Py,/Po,
{t = 0) and various values of the secondary volume, is presented
in Fig. 11(a) for an ejector system with Mi; = 2.0 and 4,/4,, =
3.06. These data can be reduced into a single curve by plotting
this variation against a dimensionless time, 7 = ¢/I, as shown in
Fig. 11(b).

For steady-state operation, the secondary flow was measured
with a VDI standard nozzle, and the pressure measurements were
made with precision manometers. Steady-state experiments, for
an ejector system with M, = 2.0 and A4;/4,, = 3.06, were made.
The values of the “limiting initial secondary-flow Mach number’’
(M) were calculated from the experimental pressure data and
are presented in Fig. 12(a) for various values of the measured
pressure ratio Py,/Po,. The measured secondary mass-flow rate
is presented in Fig. 12(b) as a function of the stagnation pressure
ratio Py,/Ps,; this flow rate was also confirmed by calculations
based on the experimental pressure data.

Theoretical calculations, based on the methods of this paper,
were made for the ejector system tested. The results of these

1



caleulations are presented in Figs. 11 and 12 {or direct comparison
with experiments. Also shown in Fig. 12 are the steady-state
characteristics of this ejector system which were calculated by
Fabri’s method [11].

Discussion

It is obvious from the results which have been presented here
that the agreement between the present theory and experiments
is very good. Although Fabri's analysis gives comparable results
for the steady-state analysis, his method cannot be employed for
ejector systems with non-constant area shrouds. In addition,
Fabri’s method cannot be used to predict starting characteristies,
since the viscous effects were completely ignored.

Tt should be mentioned that the scope of this analytical and ex-
perimental investigation actually covered three ejector systems
[1] (M, = 2.0, 4;/4,, = 3.06 and 1.96; My, = 1.5, A;/4,, =
4.39). Good agreement between the theory and experiment was
also obtained for the ejector systems which are not reported
here.

The present steady-state analysis can be used to study ejector
systems with arbitrary shroud shapes if the minimum-area cri-
terion is redefined, and it can also be extended to consider fluids of
different compositions.
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